The energy levels and reduced transition probabilities B(M1) and B(E2) of the even-even 130−138 Ce isotopes were calculated by using the interacting boson model-2. We have analyzed the F-spin values and produced the symmetry labeling of the states. The calculated results were compared with the available experimental data. It was proved that the proton-neutron interacting boson model is a reasonable model for calculating low-lying spectra in the set of Ce isotopes and the quality of fit presented in this work is acceptable.
Introduction
The atomic nuclei exhibit a variety of shapes, varying from spherical to gamma and soft to superdeformed and higher orders of deformation. Nuclei near the magic closed shell generally exhibit a spherical shape while nuclei having large numbers of bosons between the closed shells exhibit a deformation in their ground band. The possible shape of the nucleus may be deduced from microscopic calculations of the nuclear properties using a certain nuclear model. The even-even Ce isotopes lie in the transition region from γ -unstable to spherical shape, with the responsible O(6) to U(5) limit of the interaction boson model (IBM-1) [1] . The IBM-2 [2] suggests that the location of states of mixed (proton-neutron) symmetry is one of the most interesting open experimental and theoretical problems in the study of collective features of nuclei. This version shows the difference between proton and neutron boson wave functions and the states produced by IBM-2 contain all symmetry states with mixed-symmetry states, according to the U(6) representation [N-1, 1]. The quantity of proton-neutron symmetry of each state is identified by a new quantum number called F-spin [3] . Such states can be thought of as states in which the proton and neutron oscillate out of phase with respect to one another.
The excitation energies of collective quadrupole excitations in nuclei near the magic closed shell depend on the number of nucleons outside the closed shell. In the even-even cerium isotopes the number of neutron boson N ν outside the closed shell varies from 5 in 130 Ce to 1 for 138 Ce, while the number of proton bosons is equal to 4 for all isotopes. The energy ratios E4
/ E2 + 1 experimentally equal 2.806, 2.640, 2.562, 2.380, and 2.317, respectively. For model limits, the typical values are 2.0, 2.5, and 3.3 for the U(5), O (6) , and SU (3) limits, respectively [4] .
The one-quadruple phonon states at around 2 MeV have been recognized as a good candidate to be the first mixed-symmetry state 2 + 1,ms and have been studied systematically as O(6) nuclei [4, 5] . These states have been found in Xe, Ba, and Ce nuclei with mass numbers around A = 130 and they are a good clarification of the O(6) dynamical symmetry [6] . The mixed symmetry states have the following signatures [7] reported [10] [11] [12] [13] . The backbending in the even-even Ce isotopes using the truncated shell model was studied in [14] . The structure of low-lying states of these isotopes using the IBM and the microscopic IBM calculation was investigated in [15] [16] [17] [18] [19] .
The aim of this study is to discuss the structure of cerium isotopes from A = 130 to A = 138 in the framework of the IBM-2. The work contains the calculation of the energy levels, electromagnetic transition probabilities, mixing ratios, and determination of the mixed-symmetry states employing the effect of changing the Majorana parameters on the energies and reduced transition probabilities.
Interaction boson model (IBM-2)
The general IBM-2 Hamiltonian can be written as [20] :
where H π and H υ are the proton and neutron parts and H πυ is the interaction between them.
The Hamiltonian generally used in phenomenological calculations can be written as:
where quadrupole-quadrupole interaction between neutrons and protons with strength κ πυ is:
The Majorana term is:
The interaction of like bosons is given in the following form:
where ρ = πν , ε d is the energy difference between (s) and (d) bosons, andn dρ is the number of (d-boson)
operators. The E2 transition probability operator in the IBM-2 is given as [5] :
where e π and e υ are boson effective charges depending on the boson number. The M1 transition probability operator can be written as [5] :T
whereL ρ = √ 10
is the angular momentum operator of each boson, and g π and g υ are the g-factors for the proton and neutron bosons, respectively.
Calculation and results

Energy levels
For even-even cerium isotopes Z = 58 and neutron number varying between N = 72 and N = 80, according to closed shells Z = 50 and N = 82, the proton boson is of a particle type while, the neutron boson is a hole type. The best fitting parameters used in the NPBOS code [21] to obtain the low-lying energy levels are given in Table  1 . From this table, one can see that
and χ ν = −χ π = 0.90 hold for all isotopes [22] . The choice of the parameter χ ν = −χ π underscores the belonging to the O(6) limit, plus the ratio E(4
, which is shown in Figure 1 . The parameter ε d is varied with decreasing number of neutron bosons, while κ πν is changed with increasing mass number. Figure 2 presents the smooth variation of these important parameters used in the calculation (ε d and κ πν ) as a function of neutron number. The Majorana parameters used are ξ 1 = 0.3 MeV and ξ 3 = −0.1 MeV, fixed for all isotopes, while the ξ 2 parameter was adjusted to fit the 2 + and 1 + mixed-symmetry states. The parameters are chosen to give the best fit with the available experimental data, especially those of the mixed-symmetry states and high energy states, in comparison with those parameters used in [19] . Table 1 . The parameters of the IBM-2 Hamiltonian. xν = −x π = 0.9 , C0ν = C2ν = C4ν = 0 have been chosen for 130−138 Ce isotopes, and all parameters are in MeV units except xν and xπ , which are unitless. 
Mixed-symmetry states
The mixed symmetry states originate from a mixture of two wave functions for the proton and neutron. These states have two distinguishable decay features, one a strong M1 and another a weak decay to the ground state. The rapid influence on the energy of these states by changing the Majorana parameters, especially ξ 2 , gives an indication of the mixing. The amount of mixing in the proton and neutron wave function can be recognized by the ratio R, which is calculated by [23] :
Our attention is especially drawn to the (F = F max ) and ( F = F max − 1) states, where:
We can suppose states that are written as:
It is simple to calculate
where α and β are important to measure the amount of mixed symmetry in each state.
The lowest mixed-symmetry state in the O(6) nuclei corresponds to the 2 + state at energy close to 2 MeV, and we can see that the 2 [24] . The values of the ratio R in the mixed-symmetry states for the set of isotopes are shown in Figure 4 .
The 1 + 1 state has a mixed-symmetry character through the excitation energies calculated for the studied set of isotopes of 2.633, 2.745, 2.721, 2.723, and 3.050 MeV, respectively. The influence of changing the ξ 2 parameter on the 2 + states is presented in Figure 5 . It is clear from this figure that states that have mostly mixed-symmetry characters are strongly influenced by variation of the ξ 2 parameter. In the 134 Ce nucleus, there are two states, 2 + 3 and 2 + 4 , separated by energy of 0.156 MeV, and the investigation of these states is very important for recognizing the lowest mixed-symmetry states [25] . The same case is true in the 136 Ce nucleus; the difference between two energies was 0.091 MeV, despite the 2 + 4 state not being of mixed symmetry according to the value of the R ratio.
Electromagnetic transitions
In the IBM-2, the E2 transition operator is given by [4, 5] :
Here, e π and e υ are the effective boson charges for the proton and neutron, respectively. We obtained these values from the experimental data of B(E2:2
, according to the following relative to the O(6) limit [26] :
By using the method from [27] , a plot between
2 eb and the
Nν
Nπ ratio has been created, as shown in Figure 6 . The slope of the best-fitting straight line is e υ = 0.15 eb and the intercept is e π = 0.10 eb.
The M1 transition operator can be written as [28] :
where g π and g υ are the boson g-factors for the proton and neutron, respectively, andL ρ is the angular momentum operator. The mixing ratio is considered as a ratio of E2 and M1 matrix elements strength, written as [28] :
To calculate the M1 reduced transition probability B(M1), values of g π = 1 and g υ = 0 have been used to obtain the best agreement with the experimental data taken from [11, 12] . The calculated values for B(E2) and B(M1) reduced transition probability are given in Tables 2 and 3 . [29] . The separation energy of these states is about 0.254 MeV. Table 4 . The results show that there are several disagreements in value and sign despite the agreement in some cases. However, it is a ratio between very small quantities and any change in the dominator will have influence on the value. We notice that the large calculated values are not due to a dominant E2 transition, but it is under the effect of a very small M1 component in the transition. 
Concluding remarks
In summary, we have investigated the level structure and electromagnetic transition of even-even 
